Highly aligned, 2-3 wall carbon nanotube ͑CNT͒ arrays were used to examine the kinetics of CNT growth. A growth interruption method was used to determine the in situ growth rate. The growth interruption method with a water vapor treatment or acetylene treatment during the interruption enabled the production of CNT stacks with different morphologies. The catalytic activity was also monitored using this method. The lifetime of the catalyst was predicted and verified using the catalyst decay model. High temperature metal oxidation behavior using parabolic curve fitting is assigned to the decay process. Details of the analysis are presented. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2976328͔ Carbon nanotubes ͑CNTs͒ have provided an opportunity to study and integrate ordered one dimensional quantum systems. Their special properties are ideal for generating nanostructures in various applications.
Highly aligned, 2-3 wall carbon nanotube ͑CNT͒ arrays were used to examine the kinetics of CNT growth. A growth interruption method was used to determine the in situ growth rate. The growth interruption method with a water vapor treatment or acetylene treatment during the interruption enabled the production of CNT stacks with different morphologies. The catalytic activity was also monitored using this method. The lifetime of the catalyst was predicted and verified using the catalyst decay model. High temperature metal oxidation behavior using parabolic curve fitting is assigned to the decay process. Details of the analysis are presented. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2976328͔ Carbon nanotubes ͑CNTs͒ have provided an opportunity to study and integrate ordered one dimensional quantum systems. Their special properties are ideal for generating nanostructures in various applications. 1 Vertically aligned CNT arrays grown on flat substrates, in which all the nanotubes have a similar orientation and length, offer an ideal platform for studying the mechanisms and kinetics of CNT growth. [2] [3] [4] [5] [6] [7] [8] Since 1996, various chemical vapor deposition ͑CVD͒ methods, including floating catalytic CVD, plasma enhanced CVD, and thermal CVD, have been proposed to synthesize aligned multiwalled CNT arrays. [2] [3] [4] [5] Alcohol catalytic CVD, ͑ACCVD͒, water assisted CVD ͑WACVD͒, microwave plasma CVD, camphor CVD, etc., have recently been used to produce vertically aligned CNT arrays. [6] [7] [8] [9] These processes usually involve different catalysts, carbon sources, and operation parameters, resulting in products with different morphologies and qualities. However, none of these CNT growth processes can overcome the gradual deceleration and eventual termination of growth. The ability to understand and overcome the underlying deactivation mechanisms is one of the most critical steps for the development of nanoscale tubes into real macroscopic materials.
In our previous report we presented the efficient growth of millimeter scale, well aligned CNTs with controlled over the number of walls using WACVD. 10 In the present study we used highly aligned, 2-3 wall CNT arrays to investigate the growth kinetics. This study quantitatively analyzed the lifetime of a catalyst and provides insight into its decay process.
The details of the substrate preparation and existing WACVD are reported elsewhere. 10 Highly aligned, 2-3 wall CNT arrays were used to investigate the growth kinetics. Two growth interruption methods were used to grow CNTs in stacks. In the first method, the acetylene flow was cut off during growth, while water vapor supply was cut off during growth in the second method. Initially, the reactor temperature was ramped to 810°C in 1 min. After 1 min growth, either the feed stock or water vapor supply was turned off for 5 s. During this interval, the iron catalyst was treated with either excess acetylene or water vapor. This growth interruption method was used to obtain five stacks with four marked regions. After 6 min, water vapor and acetylene supply was turned off and the system was cooled to RT in an inert argon atmosphere. 11 After removing the samples from the reactor, they were analyzed by scanning electron microscopy ͑SEM͒ ͑JSM6700F, JEOL͒ to determine their height and morphology precisely.
In an attempting to grow CNTs with stacks by growth interruption, the acetylene flow was first cut off for a short time, i.e., 5 s in 1 min intervals as explained in experimental. During this small interval, the catalyst was treated exclusively with water vapor. There are distinct straight lines on the SEM image of the as-grown CNT array ͓Fig. 1͑a͔͒. The resulting CNT array was divided into five stacks with different lengths through a series of parallel lines. The stack length ͑from top of the CNT forest͒ was 270, 205, 175, 150, and 40 m with a total 840 m contribution to the total height. The distinct straight lines were attributed to the excess water vapor treatment. A closer view shows completely detached CNT stacks. It can be seen ͑from top of the CNT forest͒ that layers 1-2, 2-3, 3-4, and 4-5 ͓Figs. 1͑b͒-1͑e͔͒ boundaries are detached from each other. Water being a weak oxidizer removes amorphous carbon and corrodes the catalyst. 12 Although water vapor was used to enhance the activity of CNT growth, in the absence of feed stock, it mainly harms the catalyst and oxidizes the CNTs near the catalyst. The stack growth is a result of the stopping of CNT growth and removal of the connection between the CNT and catalyst. The progressive stack height decreases after exposure to water vapor. This exposure time determines the continuity for CNTs at the boundaries. It was observed that after more than 5 s exposure, the CNT stacks loose their connection with the substrate and float away with the gas flows. As a result, the stacks could not be observed on the substrate.
During the growth process, excess carbon coats the catalyst and prevents the catalyst from oxidizing. 13 At the same time, excess carbonation prevents the growth of CNT. However, the catalyst suffers from excess oxidation at lower acetylene levels. The balance between the partial pressure of the compositional gases is an important issue for maintaining super growth. The scaling relationship between water and the feed stock is another critical parameter for super growth. 14 At a given experiment, the ratio of water and feed stock was fixed. In such situations, it is interesting to observe the effect of acetylene during growth interruption. In another experiment, growth was interrupted by breaking off the water vapor. In the water vapor interruption time, the catalyst was treated exclusively with acetylene. Water, being a weak oxidizer, removes amorphous carbon and enhances the catalytic activity. 7 In the absence of water vapor, there is less catalyst activity, and amorphous carbon covers the catalyst. Therefore, the catalyst is saved from excess oxidation and encounters continuous CNT growth. Figure 2͑a͒ shows a SEM image of a five-stack CNT forest due to the effect of the acetylene treatment during stack formation. The stack lengths ͑from top of the CNT forest͒ were 270, 210, 180, 160, and 80 m with a total contribution of 900 m to the total height. The distinct straight lines are due to the acetylene treatment. The closer view shows continued CNT stacks. It can be seen that ͑from top of the CNT forest͒ the boundaries are continuous for layers 1-2, 2-3, 3-4, and 4-5 ͓Figs. 2͑b͒-2͑e͔͒. It appears that the catalyst becomes deactivated due to it being coated with amorphous carbon.
The CNT arrays are well aligned and can be used to monitor the catalyst activity by breaking off the acetylene flow or water vapor at designed time sequences. 11 Indirectly, the catalyst activity can be monitored by the CNT growth rate at each time interval. Here the growth rate during each time interval was considered, and different from that calculated simply by plotting the first derivative of growth as a function of time. Interestingly, the stack height showed an exponential decay behavior when the stack height was plotted as a function of the CVD run time, as shown in Fig. 3 . In order to obtain an accurate fit, the data point for the last stack was excluded. Under a given growth condition, the catalyst shows identical activity and the number of catalyst particles that decay was proportional to the number of active catalyst particles. The increase in yield, i.e., forest height, was proportional to the number of active catalyst particles. With these assumptions, the growth rate can be expressed by the differential equation, 14 ‫ץ‬H / ‫ץ‬t ϰ e −t/ 0 , where H is the height of the forest, and 0 is a fitting parameter. Integration provides the growth equation, H͑t͒ = ␤ 0 ͑1−e −t/ 0 ͒, where ␤ and 0 are the initial growth rate and characteristic catalyst lifetime, respectively. The characteristic catalyst lifetime, 0 , can be calculated by fitting the exponential curve to the given data points. It shows that 0 is 1.7Ϯ 0.06 min for the water treated catalyst and 1.61Ϯ 0.12 min for the acetylene treated catalyst. The product of ␤ and 0 for the water treated and acetylene treated samples was 469.9Ϯ 13 and 442.08Ϯ 29 m, respectively. A similar calculation was applied successfully to ACCVD. 15 The rates of certain types of chemical reactions depend on the concentration of one or another reactant. These reaction rates consequently follow exponential decay. Many enzyme and catalyzed reactions behave in this manner. This suggests the diminishing growth rate is caused by reaction-driven catalytic deactivation rather than diffusion-limited transport across the CNT arrays. 16 The fitted curve can be extrapolated in order obtain the total life time of the catalyst. It is found that for the water treated samples, the total life time was 15 min, which gives a contribution of 4.5 mm to the total height. Similarly for the acetylene treated samples, total lifetime was 17.8 min, which gives a contribution of 5.51 mm to the total height. Under continuous growth conditions, the reaction was sustained for less than 15 min with a resulting CNT height of 2.2 mm ͑inset of Fig. 3͒ . For a further CVD run, the CNT forest could not be sustained on the substrate and floated away with the gas flow. When the catalyst lifetime is over, the entire CNT forest becomes detached from the substrate. Further analysis is required to determine the cause for the exponential decay behavior of the catalyst. Without catalytic deactivation, the growth rate is expected to be constant in the case of no diffusion resistance, and proportional to t 1/2 ͑where t is the CVD time͒ in the strong diffusion-limited regime. 17 At high temperatures, the oxidation of many metals was found to follow a parabolic time dependence, 18 x 2 = k p t + C, where x represents the thickness of the oxide film, k p represents the parabolic rate constant, t denotes the time, and C denotes the constant. High temperature parabolic oxidation indicates that thermal diffusion is rate determining. Such a process might include uniform diffusion of one or both reactants through a growing compact scale. The square root of time was plotted as a function of the CNT forest height to obtain clearer insight into the growth kinetics ͑Fig. 4͒. A straight line was fitted to the data points as a guide. The fitted line showed a linear correlation with a coefficient ͑R͒ of 0.996 and 0.993 for acetylene and water treatment, respectively. The rate of reactant species diffusion across the hindering film around the catalyst determines the growth kinetics. The diffusion mechanism leads to a parabolic relationship, i.e., CNT thickness is proportional to the square root of the CVD run time. Figure 4 shows the parabolic relationship, which supports diffusion controlled kinetics.
Here, diffusion was considered near the catalyst and not across the CNT array. 19 The data show that acetylene and water vapor can reach the catalyst but cannot penetrate the oxide barrier layer or amorphous carbon layer around the iron catalyst in order to form CNTs. The acetylene treated sample shows less hindrance compared with the water treated samples. Indeed, catalyst carbonization is prerequisite to the formation of CNTs. Louchev et al. reported that the mean free path of the feed stock, which is less than the average CNT spacing, prevents it from reaching the catalyst. 16 However, in this case, the observation at the stack boundaries shows it is not the mean free path of the gases that hinders growth but the activity of the catalyst. The catalyst must have an infinite lifetime in order to obtain infinite CNT growth. It is also interesting to note that the lifetime of the catalyst also depends upon the size of the catalyst and further research in this topic is currently underway.
In summary, well aligned CNT arrays with two different morphologies were synthesized by WACVD using a growth interruption method. A graph of the stack height as a function of the CVD run time shows an exponential decay behavior. The diffusion mechanism leads to a parabolic relationship, i.e., the CNT thickness is directly proportional to the square root of the CVD run time. It appears that an oxide and amorphous carbon layer was formed around the catalyst, which obstructs the diffusion of reactant species.
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